To whom correspondence should be addressed of the APC gene (mostly deletions or insertions of one base) Email: mironov@iarc.fr are highly prevalent in MI ϩ cases as compared with MI - (12) .
We have investigated frameshift mutations in exonic repeats
Similarly, A repeats in the TGFβ receptor II gene (TGFβRII) in the ATR, BRCA1, BRCA2, PTCH, CTCF, Cx26, NuMa are often mutated by frameshifts in MI ϩ tumors and cell lines and TGFβRII genes, using human tumor samples from (13) . Such mutations may liberate cells from negative growth stomach, esophagus, breast and skin and melanoma, as control, leading to uncontrolled cell growth.
well as colon cancer and endometrial cancer cell lines
Frameshift alterations in tumors with MI are also found in (125 samples in total). We developed a sensitive method to simple repeats of other genes, including the mismatch repair detect mutations in the repeats, using the introduction of genes hMSH3 and hMSH6 (14) . The IGFIIR gene is involved an artificial restriction site into a repeat. The method in cell growth control (15). The repeated sequence of this gene detects a single mutant among 10 3 normal genes. Thus, was found to be changed in MI ϩ gastrointestinal tumors (16). an alteration in a repeated sequence can be detected Furthermore, the BAX gene, which promotes apoptosis, has unambiguously. The (A) 8 repeat of BRCA2 was found also been found to be altered in a repeated sequence in 50% mutated in only two of five colon cell lines with microof MI ϩ colorectal tumors (17). satellite instability (MI ⍣ ). The ATR gene has an (A) 10 The conventional PCR method for microsatellites usually repeat which was altered in two of three MI ϩ stomach gives ambiguous bands in polyacrylamide gels and does not cancer samples and one of three MI ⍣ endometrial cell detect a small number of MI ϩ cells in a given tumor. We lines. The TGFβRII gene [with an (A) 10 repeat] had the describe here a method that allows us to reveal a frequency maximal frequency of mutations: 10 out of 13 MI ⍣ of mutations as low as one altered repeated gene sequence samples. At least one sample from all types of cancers, among 1000 copies of the wild-type. Using this approach, we except melanomas, was positive for TGFβRII gene have analyzed alterations of simple repeats in coding regions mutations. No mutations were found in repeats in the of eight genes.
BRCA1, PTCH, CTCF, NuMA and Cx26 genes in any types
We developed a method allowing us to distinguish of tumors examined. In conclusion, our study indicates between a wild-type gene and a specific mutation at a simple that repeats were altered only in MI ϩ cells and that the repeat in this gene, by introduction of a restriction site in a mutation frequencies in the genes studied differ among repeat during PCR. This concept is depicted schematically in tumor types. Based on these results, we discuss meaningful Figure 1A and B, using the example of an (A) 10 →(A) 9 and meaningless alterations in exonic repeats. mutation, which is applicable to the ATR or TGFβRII genes. Two non-complementary bases were introduced into the primer which covers the simple repeat. The introduced restriction It is widely accepted that the accumulation of several genetic site could distinguish between the wild-type (A) 10 sequence alterations, which are necessary for cancer development, is (lacking a restriction site for HinfI) and the (A) 9 mutated associated with a mutator phenotype (1) . A mutator phenotype, sequence (carrying the restriction site for HinfI). In order to revealed as microsatellite instability (MI), was first described check that we really could distinguish between the (A) 10 and for human colon cancer, both human non-polyposis colorectal (A) 9 sequences in the template, we constructed two plasmids cancer (HNPCC) and sporadic (2, 3) , and subsequently for by cloning the fragments of TGFβRII with the corresponding many other cancers, including endometrium (4), stomach (5) short repeat in Bluescript DNA. When such plasmids were and esophagus (6) .
used as templates for PCR, only the product synthesized DNA in tumors of HNPCC patients frequently has microon the template with (A) 9 could be digested with HinfI satellite alterations and this reflects, in many cases, a defect ( Figure 1C ). Thus, in this model experiment the method shown of the mismatch repair system. Five genes participating in the in Figure 1A and B allowed us to distinguish between the DNA mismatch repair system have been found to be mutated templates containing (A) 9 or (A) 10 . in HNPCC families: hMSH2, hMLH1, hPMS1, hPMS2 and Using conventional PCR techniques around a repeated hMSH6 (7) (8) (9) (10) (11) . Since MI in tumors of HNPCC patients is sequence ( Figure 1D ) in stomach tumor DNA, it was impossible associated with deficient activity of one of these genes, such to distinguish between a normal and an altered A repeat in tumors are believed to have a replication error (RER) positive the ATR gene. When the samples were analyzed by introduction phenotype.
of a restriction site into the repeated sequence, two of these stomach samples were found to be heterozygous for an (A) 9
Abbreviations: HNPCC, human non-polyposis colorectal cancer; MI, microsatellite instability; RER, replication error.
alteration ( Figure 1E ). alterations in the BRCA2 gene of colon tumor cell lines. Only two colon cell lines (both MI ϩ ) were found to be heterozygous at the A repeat. Both of them contained repeats which were partly digested by ScaI and MaeIII, indicating the presence in DNA of both (A) 7 and (A) 8 sequence. No alterations were found in the repeats of the genes Cx26 ( Figure 3B) , PTCH, CTCF, NuMA and BRCA1 (not shown) in cell lines or studied human tumor samples with MI ϩ status. Finally, only ATR, BRCA2 and TGFβRII were found to be altered at exonic repeats in tumor samples or cell lines (Table  I) . ATR and BRCA2 were altered in 23 and 20%, respectively. TGFβRII had the highest frequency of mutated repeats, which were seen in 10 out of 13 MI ϩ cases (77%). No alteration was found in samples and cell lines without MI; this suggests Fig. 2 . Sensitivity of the method with introduction of a restriction site into an (A) 9 repeat of a TGFβRII mutant. PCR was performed as indicated that the mutator phenotype was responsible for these alterations.
above for Figure 1C . Genomic DNA containing (A) 10 or (A) 9 repeats in Thus, we found alterations in simple exonic repeats only in TGFβRII were mixed in the proportions indicated and the mixture was used MI ϩ cases and the frequency of alteration varied from 0 (for as a template in PCR. Primers used for TGFβRII were as described in most of the genes studied) to 77% for TGFβRII. Moreover, mutant and wild-type alleles, suggesting that mutations arose before clonal expansion of the tumors. Mutations of TGFβRII In order to estimate the sensitivity of the method, we were not found in the entire coding sequence of 36 sporadic determined the level at which the altered repeat could be breast cancers (18). Using our approach, we found frameshift detected when diluted with wild-type template. We performed mutations in one sample out of 19 (Table I ) and this frequency an experiment in which genomic DNA of the LS180 cell line is compatible with the published MI ϩ frequency for such [both alleles of the TGFβRII gene contain an (A) 9 repeat] was cancers (19,20). We did not find any exonic alterations of A mixed in various proportions with DNA from HeLa cells, repeats in melanoma. The frequency of alteration of TGFβRII containing the wild-type TGFβRII gene (Figure 2) . The results in skin cancer was higher than the frequency of published indicated that detection of the (A) 9 sequence was still possible MI (21). when the ratio between the altered and wild-type repeats was Depending on the primers for PCR, the method allows us as low as 10 -3 .
to search for any deletion or insertion in a repeat (Figure 3) or to search for only one specific alteration (Figure 1 ). The Figure 3 shows the results for the analysis of (A) 8 repeat Fig. 3 . Detection of alterations in exonic repeats. For BRCA2 containing an (A) 8 repeat the primers were 5Ј-CATACAGTTAGCAGCGACAAAAGTA [restriction site for MaeIII in the case of the wild-type and for ScaI in the case of an (A) 7 mutant] and 5Ј-AGTGAAGGGGCTCCCG. The PCR product was divided into two parts and adjusted with a buffer corresponding to the restriction enzyme. U, undigested; M, MaeIII [for an (A) 8 in BRCA2]; S, ScaI [for an (A) 7 in BRCA2]; D, DdeI [for a wild-type (G) 6 in Cx26]. Separation was performed on an 8% polyacrylamide gel. For the other exonic repeats, where alterations were not found, the primers can be provided on request. They include: an (A) 8 in BRCA1 [restriction enzyme DdeI for the wild-type sequence and SpeI for an (A) 7 mutant]; a (G) 6 in Cx26 (restriction enzyme DdeI for the wild-type sequence); a (C) 6 in NuMA [restriction enzyme StuI for (C) 5 ]; a (C) 7 in PTCH (patched) [restriction enzyme DdeI for (C) 6 ]; an (A) 7 in CTCF (restriction enzyme DdeI for the wild-type repeat).
Mutations in exonic repeats
suppressor gene which is involved in control of recombination and BRCA2 genes could also be targets in some specific tissues, the small number of samples we studied does not most frequent alteration found in a simple exonic repeat of allow us to be certain. A low frequency of BRCA2 alterations several genes was a deletion of one nucleotide (22).
at (A) 8 repeats was found in colon tumors (two samples out of The results reported here clearly indicate that the introduction 42) and one sample out of 25 endometrial carcinomas (30,31). of a restriction site allows unambiguous distinction of the No alteration was found at exonic repeats in five out of the altered template from the wild-type (Figures 1 and 3 ). This eight genes studied. These were BRCA1, Cx26, NuMA, PTCH may be partly explained by the idea that the introduction of and CTCF. Thus, although MI could be detected at random an artificial restriction site shortens the exonic repeat, decreasloci in MI ϩ samples and cell lines, we found no evidence for ing the possibility of slippage and, subsequently, the appearance accumulation of mutated repeat sequences in these genes. Our of a PCR product that does not correspond to the template. method is highly sensitive and this result means that the Only three genes (ATR, BRCA2 and TGFβRII) out of the frequency of cells with altered repeats of these genes is less eight we studied were found to have an altered exonic A repeat in some tumor samples or cell lines. BRCA2 is a tumor than 1 in 10 3 of the wild-type. This suggests that the frequency of alterations in exonic repeats in genes that are not involved 
